Recent experiments on resonant tunneling structures comprising (Ga,Mn)As quantum wells [Ohya et al., Nature Physics 7, 342 (2011)] have evoked strong debates about the near absence of resonant tunneling features and ferromagnetic order observed in these structures. Here, we present a theoretical examination of a GaAs/(Ga,Mn)As double barrier structure, studying the self-consistent interplay between ferromagnetic order, structural defects, and the hole tunnel current. The hole band structure is described by a four band Kohn-Luttinger Hamiltonian and the transport characteristics are obtained within the non-equilibrium Green's function approach taking into account space charge effects. We show that disorder has a strong influence on the current-voltage characteristics in efficiently reducing or even washing out negative differential conductance, as found in experiment. We find that for the Be lead doping levels used in experiment the resulting spin density polarization in the quantum well is too small to produce sizable exchange splittings.
INTRODUCTION
Dilute magnetic semiconductors (DMS) are produced by doping of semiconductors with transition metal elements [1] . A prototype is bulk Ga 1−x Mn x As in which Mn residing on the Ga site (Mn Ga ) donates a hole and, at the same time, provides a local magnetic moment. Recent experiments using double-barrier resonant tunneling structures with a (Ga,Mn)As quantum well [2] reveal a near absence of ferromagnetic order in the well under bias and show only weak signatures of resonant tunneling, observable only in the second derivative of the current-voltage (IV) characteristics. Their conclusion that the Fermi energy lies in the impurity band has evoked strong debates and an alternative explanation has been given, which claims that the resonant tunneling is merely caused by the confined states in a potential pouch formed at the contact/barrier heterointerface [3] . However, as argued in a reply of Ohya et al. [4] , the observed well width dependence of the peak positions cannot be fully understood in this model.
Here, we show that two factors can be relevant to understand the experimental findings. (i) If one assumes the presence of considerable disorder in thin layers of (Ga,Mn)As and by taking into account the heavy holelight hole band mixing in the quantum well, only weak signatures of resonant tunneling in the IV-characteristics are found. Indeed, the density of imperfections due to the presence of Mn interstitial or antisite defects can be as high as 20% of the nominal Mn doping, which makes (Ga,Mn)As a heavily compensated system [1] . Even lower structural quality for (Ga,Mn)As must be expected at heterointerfaces, since the need of low-temperature epitaxy for growing the (Ga,Mn)As layers is harmful to forming clean interfaces with other materials. Moreover, the interstitial defects may be trapped near the interfaces in post-growth annealing procedures which have been found successful for bulk (Ga,Mn)As. This suggests that transport through thin layers of (Ga,Mn)As is influenced by disorder and defects more severely than in annealed bulk structures. (ii) The almost vanishing ferromagnetic state in the (Ga,Mn)As quantum well can be understood by finding orders of magnitude lower hole density spin polarizations in the well compared to the bulk case, since the resulting hole density inside the quantum well is established by forming a steady state condition with the external leads.
MODEL AND RESULTS
We model the band structure of the top of the valence bands by the Kohn-Luttinger Hamiltonian, which allows us to take into account the mixing of heavy hole (HH) and light hole (LH) bands in the quantum well. Within the envelope function approximation and by approximating the introduced spatial derivatives on a finite grid one ends up with an effective nearest-neighbor tight-binding Hamiltonian of block-tridiagonal form
with c † i,σ denoting the creation operator for site i and orbital σ and t σ σ ′ is the hopping matrix. Space-dependent potentials, exchange splittings in magnetic layers, and structural imperfections can be readily included in the orbital onsite energies of the model, i.e., the diagonal elements of the onsite matrix ε
with U i denoting the intrinsic hole band profile due to the band offset between different materials, φ is the the electrostatic potential, e is the elementary charge, ∆ i denotes the local exchange splitting in the magnetic materials with σ = ±1, and ε rand labels a random shift due to disorder. Disorder effects in the (Ga,Mn)As layers are modeled by performing a configurational average over structures with randomly chosen diagonal elements of the onsite matrix according to a Gaussian distribution, which results in an ensemble of tight-binding Hamiltonians.
The exchange splitting of the hole bands depends selfconsistently on the local spin density of the holes. Within an effective mean-field model [5] the relation is given by
with z being the longitudinal (growth) direction of the structure, J pd > 0 is the exchange coupling between the p-like holes and the d-like impurity electrons, n imp (z) is the impurity density profile of magnetically active ions, k B is the Boltzmann constant, T is the lattice temperature, and B S is the Brillouin function of order S (here S = 5/2 for the Mn impurity spin). Since the hole spin density [n ↑ (z) − n ↓ (z)]/2 is changed by the in-and out-tunneling holes, the magnetic and transport properties of the system are coupled self-consistently. To obtain realistic potential drops between the two leads space-charge effects are taken into account by solving the Poisson equation. The transport problem is treated within the framework of the non-equilibrium Green's function method (for details see Refs. [5, 6] ). The transport equations couple via the spin-resolved hole density to the exchange splitting of the hole bands Eq. (3), and the Poisson equation. For a given configuration and applied voltage this system of equations is solved in a self-consistent loop until convergence of the electrostatic potential and the exchange field is reached. We investigate a double barrier structure consisting of Be-doped GaAs leads and a (Ga,Mn)As quantum well. For the simulations we assume following parameters, comparable to the experimental values: barrier thickness d bar = 4 layers (≈ 2 nm), quantum well width d w = 10 layers (≈ 5 nm), barrier height V bar = 300 meV, relative permittivity of GaAs ε r = 12.9, exchange coupling constant J pd = 0.06eV nm 3 leads is chosen to µ l = 10 meV, which corresponds to a Be-doping of about 10 18 cm −3 as used in experiment. Fig. 1 shows our main result: the self-consistent IVcharacteristic for increasing degree of disorder (a more thorough presentation will be given elsewhere). For increasing disorder the resonances in the IV-curve become more and more broadened and start to overlap until they are almost washed out. Taking into account the HH-LH band mixing in the well is essential to see this effect, because otherwise the resonances of the LHs are dominant in magnitude compared to the HH peaks and the smearing of resonances is much less effective. For the low doping regime of the leads (relative to the Mn concentration in the quantum well), as considered here, we find a practically vanishing ferromagnetism in the well leading to a negligible spin polarization of the tunneling current.
